We calculate the rovibrational corrections, temperature dependence and isotope shifts of the isotropic and anisotropic nuclear shieldings of the water molecule. This is the first correlated study of rovibrational effects on the nuclear shieldings in the water molecule and the first study of these effects on the shielding anisotropies. The use of a large restricted active space self-consistent field wave function and a large basis set ensures that the results are of high accuracy. The rovibrational corrections are found to be substantial, 3.7% and 1.8% for the isotropic oxygen and hydrogen shieldings, respectively, in the 1 H 2
I. INTRODUCTION
The determination of nuclear shielding constants in nuclear magnetic resonance ͑NMR͒ spectroscopy experiments requires the use of an accurate reference standard to which the measured chemical shifts can be related. In comparison with the results of modern ab initio electronic structure theory, the accuracy of the experimental shielding constant depends critically on the accuracy of this reference shielding. Much effort has therefore been invested in assigning absolute shielding scales for various nuclei. 1 One way of directly obtaining the absolute shielding scale of a given nucleus is from the spin-rotation constants determined in microwave or molecular beam experiments. However, the relevant splittings in the microwave spectra are small and the uncertainty in the spin-rotation constants may therefore be large. To obtain the complete absolute shieldings, the paramagnetic shieldings extracted from the spinrotation constants are combined with theoretically calculated diamagnetic shieldings, and high-level theoretical calculations are therefore mandatory. Since the dia-and paramagnetic contributions are of opposite sign, the shielding constant is smaller than its two contributions. Small errors in the dia-and paramagnetic terms may therefore give rise to large relative errors in the final shielding constants.
The recent developments in modern ab initio methods enable absolute shielding scales to be determined from theoretical calculations alone, with an accuracy that is often higher than that of experiment. In coupled-cluster singlesand-doubles with perturbative corrections for triples ͑CCSD͑T͒͒ investigations by Gauss, Sundholm, and Schäfer, spin-rotation constants and absolute shieldings were determined for a number of diatomic molecules. 2, 3 Large basis sets combined with the CCSD͑T͒ method ensured highquality ab initio results, and, by taking rovibrational effects into account, both purely theoretical and revised experimental absolute shieldings could be given. Whereas for most of the nuclei studied, good agreement was observed for the experimental/theoretical and purely theoretical absolute shieldings, an exception was the 17 O shielding of carbon monoxide. The theoretical absolute shielding, Ϫ59.34 ppm for 12 C 17 O at 300 K, 3 was barely within the large error limits of the experimental result, Ϫ44.80Ϯ17.18 ppm. 4 It is our purpose to confirm and validate this theoretical reevaluation of the 17 O absolute shielding scale by performing independent, high-level calculations of the nuclear shieldings in the water molecule, taking proper account of rovibrational contributions to the shielding constants. In addition, we present accurate estimates of the isotope shifts and temperature dependence of the hydrogen and oxygen shieldings in water.
We perform rovibrational averaging of the full secondrank oxygen and hydrogen shielding tensors. While necessi-tating the use of the Eckart coordinate frame for representing the tensors, this procedure allows us to calculate the rovibrationally averaged principal values, and thus the anisotropy and asymmetry parameter, of the shielding tensors.
In Sec. II, we outline the computational methodology. Section III A describes the basis set and active space used in the calculation of the rovibrational corrections. In Sec. III B, we discuss the results obtained for the isotropic shieldings and, in Sec. III C, the rovibrational corrections to the anisotropic shieldings. Finally, we propose and discuss a new 17 O absolute shielding scale in Sec. IV.
II. METHODOLOGY

A. Ab initio calculations
The nuclear magnetic shielding tensor of a nucleus K, having a nuclear magnetic moment m K , may be expressed as the second derivative of the molecular energy with respect to an external magnetic field B and the nuclear magnetic moment
.
͑1͒
In its most naive implementation, the ab initio calculation of nuclear shieldings is hampered by slow basis set convergence and the dependence of the shieldings on the choice of gauge origin. One of the main reasons for the increasing interest in ab initio calculations of nuclear shieldings has been the introduction of basis sets that depend explicitly on the external magnetic field-the London atomic orbitals, also known as Gauge-Including Atomic Orbitals ͑GIAOs͒. 5 These basis functions respond in a physically correct way to the external magnetic field, thereby giving improved basis-set convergence. Moreover, by multiplying each basis function with a phase factor that transforms the global gauge origin to a local gauge origin for each basis function, the London atomic orbitals remove the dependence of the calculated properties on the global gauge origin. Although London orbitals were used in early ab initio calculations, 6, 7 it is only after their first implementation using modern analytical derivative techniques by Wolinski, Hinton and Pulay 8 that the London approach has become widely used. The London atomic orbital approach has been extended to the more important correlated wave functions [9] [10] [11] [12] and recently to Density Functional Theory ͑DFT͒ methods. [13] [14] [15] [16] In this work, we use the MCSCF London atomic orbital method described in Ref. 10 , as implemented in the Dalton quantum chemistry program.
where f R i R j denote harmonic and f R i R j R k cubic ͑anharmonic͒ force constants. The derivatives of the nuclear shieldings were obtained by fitting the property surface corresponding to the thermal average expression Eq. ͑2͒ to the shieldings obtained from calculations at a total of 33 molecular geometries, suitably chosen in the neighborhood of the equilibrium geometry. The full set of cubic terms was included in the fit as well to improve the quality of the first-and second-order parameters used for averaging the properties. The force constants were similarly obtained by fitting the calculated total energies to Eq. ͑3͒, augmented by the three all-diagonal fourth-order terms. All calculations of the thermal average displacements were performed using the AVIBR program of Lounila, Wasser, and Diehl. 22 AVIBR was modified for the present study to take into account the centrifugal distortion contribution to ͗R i ͘ T using the classical approximation discussed in Ref. 21 .
When performing rovibrational averaging of anisotropic molecular properties such as individual elements of the shielding tensor, the problem of choosing a coordinate frame for representing the tensor emerges. A unique frame that remains fixed at the molecule during its rovibrational motion is the Eckart frame, 23 in which the coupling between vibrational and rotational degrees of freedom is minimized ͑see for instance Refs. 24 and 25͒. The conditions introduced by Eckart define a system of molecule-fixed axes in terms of the instantaneous position vectors of the nuclei in the molecule, r K . The conditions can be derived by requiring that the angular momentum of the nuclei relative to the molecule-fixed axes vanishes when the nuclei are in their equilibrium positions-that is, when r K ϭr K e . The resulting conditions are
where m K is the mass of nucleus K. The Eckart frame is placed at the instantaneous center of mass and aligned so that the conditions Eq. ͑4͒ are fulfilled ͑the r K e are constant vectors when referred to the Eckart frame͒.
The elements of the shielding tensor calculated at a nonequilibrium geometry must thus be transformed to the proper Eckart frame prior to fitting the property surfaces. To obtain the rovibrationally averaged principal values of the shielding tensors of the water molecule, the transformation is applied to the diagonal elements and to the only nonvanishing offdiagonal element of the symmetric component of the shielding tensor-that is, xy (s) ϭ 1 2 ( xy ϩ yx ), assuming that the molecule is located in the xy-plane. The Eckart frame is uniquely defined by the three sets of parameters r K e , r K , and m K . Unlike the derivatives of isotropic properties such as the shielding constant, the derivatives of the individual tensor elements therefore depend on the isotopomer in question. The use of the Eckart frame has been discussed by Fowler and Raynes in connection with rovibrational corrections to the dipole moment of water.
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III. RESULTS
A. Convergence of shieldings with respect to the basis set and the active space
We tested the convergence of the nuclear shieldings for the correlation-consistent basis sets of Dunning, Wilson, and van Mourik 27, 28 and the Atomic Natural Orbitals ͑ANO͒ basis set of Widmark, Malmqvist and Roos. 29 The results and the ANO contraction patterns are found in Table I . To compare with the literature, in particular the accurate CCSD͑T͒ calculations of Gauss and Stanton, 12 we have used the experimental geometry.
The correlation-consistent basis sets converge systematically, but slowly. In contrast, the ANO sets are almost converged at the second contraction level ͓5s4 p3d2 f /4s3 p2d͔, with only minor differences relative to the primitive ANO set and the cc-pV6Z basis. A similar behavior has been observed for other molecules. 30 Still, since the primitive ANO set contains only 152 basis functions for water, we have chosen to use this basis set in the remaining calculations. For the oxygen shielding we estimate the error due to basis-set incompleteness to be at most 0.3 ppm. Since the ANO and correlation-consistent basis sets converge from opposite sides, with identical results obtained for cc-pV6Z and the primitive ANO basis, this is probably an overestimate. For the hydrogen shielding, convergence is less obvious, but we estimate the error to be less than 0.05 ppm.
Electron correlation effects were investigated using a number of different restricted active spaces. The results from these studies, as well as a description of the active spaces employed, are collected in Table II . For a description of the notation used for the RASSCF wave functions, we refer to Ref. 30 . We note from Table II that the convergence is slow-even our largest active space gives no definite conclusion about the correlation limit of the shieldings. The 1000 RAS 6332 4220 wave function is seen to be a reasonable approximation to our largest RAS expansion. We estimate the total errors due to approximations in the basis set and the correlation treatment to about 1 ppm for the oxygen shielding and 0.1 ppm for the hydrogen shieldings.
In Table II , we have included some reference values obtained by Gauss, Stanton, and Christiansen using various coupled-cluster models. 12, 31, 32 The oxygen shielding differs slightly from the CCSD͑T͒ results of Gauss and Stanton. However, comparing their SCF results with that obtained by us using the decontracted ANO basis set, this discrepancy appears to arise mainly because of basis set incompleteness in the study of Gauss and Stanton. The molecular geometry was optimized with the 1000 RAS 6332 4220 wave function and the decontracted ANO basis set using the second-order method described in Ref. 33 . The optimized geometry, rϭ96.08 pm and Є(HOH)ϭ103.82°, is very similar to the experimental geometry. Due to the geometry optimization, the shieldings change from 337.6 and 30.82 ppm to 336.0 and 30.77 ppm for 17 O and 1 H, respectively.
B. Rovibrational effects and isotope shifts of the isotropic shieldings
The cubic anharmonic force field obtained from the 1000 RAS 6332 4220 /primitive ANO calculations is shown in Table  III together with experimental results and the results of a previous theoretical investigation. The harmonic part of our force field agrees rather well both with the experimental results 34, 35 and the QCISD͑T͒ calculation of Martin, François, and Gijbels. 36 The stretching force constant f rr is slightly underestimated. Most of the cubic parameters from the present calculations fall between the two experimental sets of values and resemble closely the QCISD͑T͒ force constants.
The first and second derivatives of the oxygen and hydrogen shielding constants are collected in Table IV , together with the SCF results of Fowler, Riley and Raynes. 37 Except for the second-derivatives involving the bending angle, the hydrogen shielding derivatives are unaffected by electron correlation. Most of the oxygen derivatives, in contrast, are reduced when electron correlation is introduced.
We have collected our results for the isotropic shieldings, with and without rovibrational corrections, in Table V . Whereas the temperature dependence is modest, the effects of zero-point vibrational corrections are significant for both the oxygen and hydrogen shielding constants. For oxygen in H 2 17 O, the zero-point vibrational correction amounts to Ϫ11.62 ppm, which is Ϫ3.6% of the total, vibrationally corrected shielding constant-an effect that is slightly larger than that of electron correlation. It is noteworthy that the changes due to vibration and electron correlation partially cancel. Our number may be compared with the SCF results of Fowler and Raynes, 26 Ϫ13.1 ppm, and Fukui et al.,
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Ϫ12.1 ppm. Electron correlation thus reduces the magnitude of the rovibrational correction, although a detailed comparison with the present RASSCF results is complicated by the fact that nonsaturated basis sets were used in these SCF calculations. The temperature dependence is modest from 0 K to 300 K: Ϫ0.38 ppm or Ϫ0.1% of the total shielding. For the hydrogen shielding, the zero-point vibrational O) amounts to Ϫ1.7% of the total shielding constant. This change is twice as large as the correlation correction. As for the oxygen atom, the electron-correlation and rovibrational corrections work in opposite directions, and the temperature dependence is a modest Ϫ0.026 ppm ͑Ϫ0.1% from 0 K to 300 K͒. Introducing correlation thus makes the agreement with experiment worse than for the SCF shieldings. We emphasize that the partial or complete cancellation of the electron-correlation and rovibrational corrections is not a universal feature of corrections to SCF shieldings. In HF, for instance, they work in the same direction. 39 Raynes proposed that the absolute hydrogen shielding in gaseous water should be 30.052͑15͒ ppm. 40 Although in quite good agreement with this number, our result is not within the very narrow error limits stated. This value is derived from highly accurate measurements of the ratio between the proton magnetic moment and the Bohr magneton in liquid water. However, in the conversion from liquid water to water in the gas phase-given by Raynes as ͑H 2 O, liq., 35°C͒Ϫ͑H 2 O, gas͒ϭϪ4.262͑5͒ ppm-several assumptions were made regarding susceptibility corrections and intermolecular interactions. The experimental error limit may therefore be too small.
A way of estimating the accuracy of our calculated hydrogen shielding constant would be to compare the hydrogen chemical shift with hydrogen or hydrogen fluoride, for which there exist accurate theoretical numbers. 3, 30, 39, 41 Unfortunately, the measurements of Hindermann and Cornwell on gaseous hydrogen and hydrogen fluoride relative to gaseous methane contain rather large error limits. 42 Presently, the best way of checking the accuracy of the calculated rovibrationally corrected hydrogen shielding appears to be to perform similar shielding calculations on methane, using wave functions of similar quality to that employed in this work, and using for instance the potential surfaces developed by Oddershede, Raynes, and coworkers. [43] [44] [45] By comparing the theoretical hydrogen shift obtained in this way with the accurate value determined experimentally by Hindman, 46 an estimate of the accuracy of the calculated rovibrationally corrected hydrogen shieldings in water should be obtainable.
In Table VI , we have collected various experimental determinations of the isotope shifts on the 17 O shielding due to hydrogen/deuterium substitutions. The agreement with the measurements of Wasylishen and Friedrich obtained in cyclohexane is very good. In contrast, our results do not reflect the gas-phase isotope shift measured by Raynes. The difference between the gas-and solution-phase isotope shifts was previously ascribed to strong medium effects due to hydrogen bonding. 47 However, it is noteworthy that the two experimental measurements in solution-using cyclohexane and water as solvents, respectively-give almost identical results, even though, in the experiment by Wasylishen and Friedrich, great care was exercised to avoid water association. 48 Combining this observation with our calculated isotope shifts, we are inclined to state that the importance of molecular association on the 17 O isotope shifts in liquid water has been exaggerated, and that there is a need for a new determination of the isotope shift in the gas phase. We also note that the experimental value of Raynes in the gas phase 47 26 as could be anticipated since the proton shielding surface is not significantly affected by electron correlation; see Table IV . The agreement with the old liquid-state experiments is poor. It appears probable that hydrogen bonding has a relatively larger effect on the 1 H isotope effects than on those of 17 O. We suggest that the experiment be repeated using modern equipment both in the liquid and low-pressure gas phases. Indeed, a recent study of the 18 O/ 16 O induced proton shifts in H 2 O, gave a shift of about 1.1Ϯ0.1 ppb, 49 in good agreement with our estimate.
Generally, the magnitude of the isotope effects on any molecular property depends on the relative mass change of the substituted nucleus. 50 Thus, the dynamical factors in Eq. ͑2͒ are changed much less by 16 O produce very slightly decreasing steps in the one-bond secondary isotope shift of the oxygen shielding, reflecting the decreasing fractional change in the total mass of the molecule.
C. Rovibrational effects and isotope shifts of the anisotropic shieldings
The quadratic property surfaces for the individual elements of the oxygen and hydrogen shielding tensors are given in Tables VIII and IX , respectively. The small differences between the listed parameters for different isotopomers are significant, reflecting the different dependencies of the For oxygen, the zero-point vibrational correction to the shielding anisotropy is about Ϫ5% ͑for the H 2
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O isotopomer͒, and thus slightly larger than the change in the isotropic shielding. In absolute terms, however, the change is rather modest, Ϫ2.4 ppm. The temperature dependence is very small, with the change in the shielding anisotropy being only Ϫ0.04 ppm (Ϫ0.09%) from 0 K to 300 K. Whereas the oxygen shielding anisotropy is unaffected by oxygen substitution, it increases substantially when the hydrogens are replaced by deuterium. It is interesting to note that, whereas a The molecule is placed in the xy-plane with the symmetry axis of the C 2v isotopomers in the y-direction ͑the molecular electric dipole moment is in the Ϫy direction͒.
b
For the diagonal elements in the C 2v symmetric isotopomers, a r Ј ϭa r , a r Ј r Ј ϭa rr , and a r Ј ␣ ϭa r␣ . c The derivatives of the zz components of the tensors are common to all the C 2v isotopomers. the deuterium substitutions give almost perfectly additive contributions to the isotropic shielding, in agreement with what has been found for a number of molecules, 52, 53, 48 no such additivity is observed for the oxygen shielding anisotropy, the shifts at 0 K being 0.43 and 0.31 ppm for the first and second deuterium substitutions, respectively. This is a manifestation of the change in the 17 O site symmetry discussed above.
The zero-point vibrational corrections to the hydrogen shielding anisotropy are about as large as the change in the oxygen shielding anisotropy, about Ϫ5% ͑H 2
16
O and H 2 17 O͒, which corresponds to an absolute change of slightly more than Ϫ1 ppm. The temperature dependence is weak also for the hydrogen shielding anisotropy. We note that only isotopic substitutions on the nucleus being studied induce substantial changes in the hydrogen shielding anisotropy ͑a primary isotope effect͒. On the other hand, the hydrogen anisotropy is almost unaffected by secondary isotope effects arising from isotopic substitutions at both the other hydrogen and the oxygen atom.
We are unaware of any experimental data for the hydrogen shielding anisotropy in the gas phase. However, there has been a number of studies of the hydrogen shielding anisotropy in crystalline ice, with different experiments predicting a value of about 28.5Ϯ1 ppm (H 2 O) at 195 K, 54 34.2Ϯ1 ppm (H 2 O) at 173 K, 55 and 34Ϯ4 ppm (D 2 O) at 183 K, 56 respectively. Our theoretical gas-phase anisotropy is approximately one half of these results. The almost twofold increase of ⌬͑H͒ for a nucleus that is involved in a hydrogen bond appears to be a general feature. 57, 58 As shown in theoretical studies, it is important to include the closest neighboring molecules in the water crystal to get reasonable hydrogen shielding anisotropies for ice. 59, 60 Such supermolecule calculations give support to the larger of the two experimental anisotropies. The small vibrational dependence and isotope shift observed in the hydrogen shielding anisotropy indicate that isotope effects are not likely to change the conclusions of the calculations of Pulay, Hinton, and Wolinski. O of 324Ϯ1.5 ppm, differs substantially from the experimental absolute shielding constant 344.0Ϯ17.2 ppm determined on the basis of the proposal of Wasylishen et al. 61 However, the oxygen chemical shift of water in the gas phase relative to C 17 O is experimentally 386.3 ppm, in fairly good agreement with the theoretical oxygen shift obtained in this work relative to the carbon monoxide shielding of Sundholm and Gauss, 3 383.3 ppm. We take this as an indication that, by taking proper account of rovibrational corrections and using saturated basis sets and highly correlated wave functions, agreement with experiment can be obtained for the chemical shift, and that the experimental absolute shielding constant can now be determined on the basis of the results presented here and in Ref. 3 .
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The results of this investigation and that of Sundholm and Gauss overlap if both estimated error limits are taken into account. In proposing a new shielding scale we are faced with making a choice between the results of the present investigation-obtained using large RASSCF wave functions-and the CCSD͑T͒ results of Ref. 12 . In both cases, the oxygen shielding is quite sensitive to the geometry. We note that the introduction of a perturbative triples correction leads to quite large changes in the shielding of carbon monoxide relative to the CCSD result (Ϫ3 ppm).
V. CONCLUSION
We have presented rovibrational corrections and the related temperature and isotope dependencies of the nuclear magnetic shielding tensors ͑shielding constants and anisotropies͒ of the water molecule. The corrections have been based on RASSCF calculations where a large active space and a large basis set have been employed. For the water molecule, the rovibrational effects are as important as those of electron correlation. On the basis of these calculations, we propose a new absolute scale for the 17 O shielding in the H 2 17 O isotopomer in the gas phase at 300 K, 324.0Ϯ1.5 ppm. This is in close agreement with the value obtained by combining the experimental gas-phase chemical shift between water and the CO molecule with earlier CCSD͑T͒ calculations for the absolute shielding of CO. Thus, we are able to verify the latter calculation and suggest that the earlier experimentally based absolute 17 O shielding scale be abandoned. The new scale leads to a significantly better agreement of modern theoretical calculations with experiment, in particular when considering that the-in most cases-omitted rovibrational corrections to the calculated results appear to typically lead to a deshielding of roughly 10 ppm. The case of OF 2 forms an interesting exception and should be examined further.
The accuracy of the presently calculated secondary isotope effects on 1 H and 17 O shielding constants will allow a meaningful comparison with modern gas-phase experiments, once the latter become available. The gas-phase isotope effects on the corresponding shielding anisotropies and asymmetry parameters found are likely to be too small for experimental detection.
Note added in proof. We have been informed by Prof. J. Gauss that he has reinvestigated the oxygen shielding in C 17 O using larger basis sets, obtaining an absolute nuclear shielding of Ϫ60.6 ppm. This result is in much better agreement with our result. Indeed, using the nuclear shielding in water calculated at the experimental rather than optimized geometry ͑being 1.7 ppm larger͒, we derive from our data an oxygen shielding in C 17 O of Ϫ60.7 ppm, which gives a perfect agreement between the CCSD͑T͒ study on C 17 O and the RASSCF study on water presented here.
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